Titanium is commonly employed in orthopaedic and dental surgery, owing to its good mechanical properties. The titanium metal is usually passivated by a thin layer of its oxide and, in order to promote its integration with the biological tissue, it is covered by a bioactive material such as calcium phosphate (CaP). Here, we have investigated the deposition of calcium and phosphate species on the anatase phase of titanium dioxide (TiO 2 ) using interatomic potential-based molecular dynamics simulations. First, we have combined different force fields developed for CaP, TiO 2 and water, and benchmarked the results against density functional theory calculations. Based on our study, we consider that the new parameters can be used successfully to study the nucleation of CaP on realistic anatase and rutile TiO 2 nanoparticles, including surface defects.
Introduction
The first application of titanium in orthopaedic surgery dates back to the early fifties. 1 Nowadays, due to its high corrosion-and wear-resistance, lightness, the absence of allergic reactions and its mechanical reliability in aqueous environment, titanium and its alloys are commonly employed for load-bearing prostheses, such as hip joint and bone replacements, and artificial teeth.
2,3
Unfortunately, titanium does not bond to the living tissue. For this reason, to promote its integration and minimize the risks related to the release of metallic ions into the body, titanium is usually coated by hydroxyapatite (HA), i.e. the calcium phosphate (CaP) which constitutes the main inorganic component of bone and tooth tissues. HA is commonly deposited as a 40-200 µm thick layer onto the metallic surface using the plasma spraying technique. 4 The coating can also be prepared through electrophoretic deposition, 5 sol-gel de-bone mineral.
11
The high corrosion-resistance of the material stems from the passivation of titanium by a thin layer of its oxide. The most common polymorphs of TiO 2 are rutile and anatase.
12
Although rutile is the thermodynamically most stable bulk phase, at a nanometric scale the surface energy for anatase particles is lower than that of rutile particles of the same size, 13, 14 and this increased stability of nanoparticulate anatase is the reason behind our choice of the anatase polymorph for this study.
Classical molecular dynamics (MD) simulations employing interatomic potentials (IP)
can provide access to sizeable systems over time scales in the order of nanoseconds at a relatively low computational cost. Contrary to the much more expensive ab initio methods, the classical procedure relies on parameters calculated in advance, which reduce complex interatomic interactions to simple analytic equations. The derivation of these parameters is often the most significant effort in obtaining a classical description of the chemical processes.
In this work, we have consistently merged a force field for phosphate-based glasses 15 with the Matsui-Akaogi potential for anatase and rutile 16 as well as a set of parameters describing the interaction of their surfaces with water. 17 We found that this combination describes both the Ca 2+ and PO
-4
interactions with the most stable (101) surface of anatase to an acceptable degree compared to density functional theory calculations (DFT). Moreover, we have used the derived force field to obtain significant insight into the aggregation of Ca
2+
and PO 3 -4 ions on anatase. In summary, we propose the first classical description of the deposition processes occurring in a CaP-containing aqueous solution in contact with a TiO 2 surface.
Experimental Section
The results reported in this work have been performed using both DFT and IP methods with periodic boundary conditions.
Density functional theory calculations
The DFT code Vienna Ab initio Simulation Package (VASP), version 5.4.1, 18-21 was employed to derive the first-principles data needed to benchmark the proposed force field. We have used the generalized gradient approximation as derived by Perdew, Burke and Ernzerhof (PBE) 22 to account for the exchange-correlation energy. The PBE functional was combined with the Grimme correction to include the contribution of long-range dispersion interactions to the total energy of the system. We have used the latest modification of the Grimme's method, which incorporates geometry information into the ab initio parametrization of the dispersion coefficients and three-body terms to correct the overbinding of previous methods with only two-body contributions. [23] [24] [25] [26] Energies were converged with Monkhorst-Pack k-points meshes of 8×8×4 for the unit cell of anatase and 4×4×1 for the slab representing the (101) surface of anatase. 27 Only the valence electrons were treated explicitly using a plane wave basis set with a cut-off energy of 400 eV. We have used the projected-augmentedwave method (PAW) to describe the nodal features of the valence electrons and their interaction with the inner core of the atom. 28, 29 The convergence criterion for the electronic self-consistent iterations was set at 10 −5 eV, whereas the threshold for the ionic forces was set at 0.03 eV/Å. To improve the electronic convergence, we have used the Gaussian smearing method with a band width of 0.1 eV. 30, 31 The adsorption of calcium (or phosphate) on a TiO 2 slab results in a charged system. As there is a linear dependence between the total energy and the width of the vacuum layer that separates the periodic images of the slab owing to the interaction between the compensating background and the charged slab, we repeated the DFT optimizations with vacuum layers of 20 and 30 Å in order to check that the same minimum energy configuration was obtained regardless of the vacuum width. We also performed optimizations after removing a Ti 4+ from the frozen core of the slab to coun- 
Interatomic potential simulations
To the best of our knowledge, a force field to study the deposition of CaP on a TiO 2 surface
has not yet been reported. 
where q is the charge of the atom type, q(O ph ) is taken from ref. 15 and q(O Ti ) from ref.
16
The parameters for the water-TiO 2 interaction were taken from Alimohammadi et al.,
17
who derived the Lennard-Jones parameters for extended simple point charge 41 (SPC/E) water molecules interacting with TiO 2 surfaces described by the Matsui-Akaogi potentials.
16
The oxygen charge of water in the SPC/E and the shell-model differ only by 0.0476 e (electron charge) and for this reason, we did not scale the interactions between the oxygens of water and anatase. All the parameters used in this work are reported in the ESI, Table S1 .
We ran the MD simulations using the DL_POLY package, version 4.07, 42 which easily allows the use of a customized force field. Each simulation consisted of an equilibration run of 25 ps in the NVE ensemble (constant number of particles, volume and energy) followed by 25 ps in the NVT ensemble (constant number of particles, volume and temperature), during which the Ca 2+ and PO
-4
ions and the TiO 2 slab were kept frozen to allow the water to relax, and a subsequent 1 ns production run in the NPT ensemble (constant number of particles, pressure and temperature), when all species were free to move. 34 The radial distribution functions (RDFs) were collected between 0.75 and 1 ns. We chose a temperature of 310 K (body temperature) and a pressure of 1 bar. The timestep was set to 0.05 fs, which is compatible with the frequency of vibration of the core-shell units. We employed a cutoff of 8 Å and the Nosé-Hoover algorithm, 43, 44 with a relaxation time of 0.1 ps for both the thermostat and the barostat. The amount of Ca 2+ and PO
ions was regulated to obtain a neutral system.
Planar and stepped (101) surfaces of anatase
The (101) plane is the most stable surface of anatase (Figure 1(a) ). It presents two-and threecoordinated oxygen atoms (O 2c and O 3c , respectively) and five-and six-coordinated titanium atoms (Ti 5c and Ti 6c , respectively). The O 3c and Ti 6c sites have the same coordination environment of the bulk phase, whereas the O 2c and Ti 5c are unsaturated and therefore more reactive. The reactivity of metal oxides is influenced by the presence of defects at the surface. (100) surface follows after the (101). Surface energies are usually correlated to their reactivity and here depend on the density of exposed uncoordinated Ti atoms; thus we expect the (100) surface to be less stable but more reactive than the (101).
49

Preparation of the TiO 2 slabs
The optimization of bulk anatase was performed employing both VASP and the IP-based General Utility Lattice Program (GULP) code, version 4.4.
50-52
The starting coordinates were taken from reference.
53
Compared to experiment, the DFT and IP methods yielded values with errors of no more than 3% for the cell volume and vectors, bulk modulus and Ti−O bond distances and angles (see ESI, Table S2 ). We then used the DFT and IP optimized lattice parameters to construct the surface unit cells.
The anatase (101) and (100) surface slabs were created using the METADISE code, version 5.64, 54 which guarantees that no net dipole moment occurs normal to the surface.
55,56
For the DFT calculations, which were performed on the most stable (101) 
Results and Discussion
Water adsorption
Our first DFT calculations focused on the molecular adsorption of water, which has been previously shown to be favored over dissociative adsorption on the (101) surface of anatase.
57,58
In order to evaluate the sites for water adsorption on the surface, we placed a water molecule at the top and at the bottom of the slab on equivalent positions (see ESI, Figure S2 for the starting adsorption sites). After optimization, the water molecule preferentially adsorbed on three different sites (see Figure 3 (a-c)).
In the most stable position, which matches that reported by previous studies in the literature, 59-62 the water molecule simultaneously interacts with a Ti 5c center via its O atom (hereafter referred as O w ) and with nearby O 2c sites through the formation of two hydrogenbonds, as shown in Figure 3 (a). The second most stable adsorption retains the Ti 5c −O w link but cleaves the hydrogen-bonds, leading to an energy penalty of 0.53 eV (Figure 3(b) ).
Finally, in the third position (Figure 3(c) ), water binds the surface only via two hydrogenbonds with the exposed O 2c sites, increasing the system energy by 1.34 eV compared to the most stable configuration. All the relative energies are reported in the ESI, Figure S3 .
We next studied the change in the geometry of adsorbed water when the coverage is in- creased to a full monolayer. We tested several orientations for the water molecules using the structural information from the single molecule adsorption (see Figure S4 , ESI), obtaining the full-coverage configurations reported in Figure 3 (d), 3(e) and 3(f). In the lowest energy geometry, all water molecules adsorbed on Ti 5c sites are slightly rotated and form a single short hydrogen bond with the O 2c atoms, while the water molecules' dipole moments are oriented in a zig-zag fashion along the [101] direction (Figure 3(d) ). The alternative configuration with all dipole moments oriented in the same direction is only 0.02 eV higher in energy (see Figure 3(e) ). In the least stable configuration, the number of hydrogen bonds is maximized at the expense of their lengths. From the DFT distances reported in Table 1 , it is possible to see that, in general, the adsorption of a monolayer of water on Ti 5c sites results in the elongation of the Ti 5c −O w bond and a shortening of the hydrogen bond O 2c −H w .
Similar to the single molecule adsorption, the full coverage results agree qualitatively with those in the literature.
60,61,63
The input for the MD simulations was prepared as described in the section named "Preparation of the TiO 2 slabs". The resulting RDFs are reported in Figures S10-11 , ESI. Tables 1 and 2 ). In addition to the water that binds directly to the Ti 5c centers, other water molecules adsorb more loosely via hydrogen-bonds with the O 2c sites, forming semi-ordered rows along the
[010] direction. A similar arrangement of water has been found previously by DFT methods for a 2 monolayer coverage. 60 In addition, this second layer of water that is less strongly bound to the surface may explain the mobile precursor responsible for transient diffusion of water at 80 K. 64 These results highlight the good transferability of the force field to describe the water-anatase interface using water models different from the original SPC/E. Figures S5-S6). We report in Table 3 the distances between the Ca 2+ ion and the atoms of the surface.
During the MD simulations the Ca 2+ ions are in a position very similar to that of the lowest energy structure obtained by DFT. In particular, they adsorb exactly on top of two consecutive O 2c and their partial solvation results in longer O 2c −Ca bonds than in the anhydrous DFT optimization, whereas in addition, Ca 2+ ions are able to displace the water that is loosely interacting with the O 2c sites through hydrogen-bonds (see Figure 6 and Table   3 ). Figure S8 of ESI, which shows that, as in the case of the Ca 2+ ion, the vacuum size and the charge of the system do not influence the trend in energy differences among the structures. The two lowest energy configurations and the relative Ti 5c −O ph distances are reported in Figure 7 and Table 4 .
During the MD simulations, we found that the PO
-4
ions adsorb on the anatase surface only in the presence of Ca 2+ ions. This behavior reflects the experimental CaP nucleation on TiO 2 , where the initial adsorption of Ca 2+ ions on the oxide is followed by the deposition of PO
ions onto the positively charged layer. 65, 66 When a PO Table   4 ). Another possibility for the PO
ion is to coordinate a Ca 2+ ion already adsorbed on the oxide surface (see Figure 8( and the anatase (101) surface. The DFT columns use the same letter labelling of Figure 7 .
Calcium phosphate deposition on planar and stepped surfaces
Finally, we have employed the validated force field introduced in section "Interatomic Potential simulations" and reported in Table S1 of the ESI to model the deposition of Ca
2+
and PO
-4
ions in aqueous solution on the anatase (101), (100) and (100) rot surfaces. We consider the present set of interatomic potentials as a first proposition to describe the adsorption of CaP on anatase (101). Therefore, although water tends to dissociate on the (100) surface, we have decided to initially overlook the dissociation of water, focusing instead on the molecular adsorption only. This scheme also allows to observe the adsorption of CaP on the TiO 2 surfaces, because there are no terminal OH groups hindering the direct TiO 2 −CaP interaction. Note that due to the use of a classical force field, the terminal OH groups cannot re-form water and desorb from the surface in order to leave vacant Ti 5c and O 2c sites for the incoming CaP ions. We expect to expand this set of interatomic potential in a second report, where an additional atom type for oxygen will be included to describe the OH groups dissociated on the TiO 2 surface.
We placed 9 Ca 2+ ions above and 9 Ca 2+ ions below the slab, at ∼ 2 Å from the surfaces.
The space between the slabs was filled with water and the necessary number of PO
ions to neutralize the positive charge given by the Ca 2+ ions. Figure 9 shows snapshots of the three different surfaces taken after 1 ns. The RDFs and the average coordination numbers are plotted in Figures S15-16 , ESI and listed in Table 5 . Our simulations show that aggregation and deposition take place concurrently on the (101) surface (Figure 9(a) ), whereas the Ca
2+
-4
ions prefer to bind to the (100) surface rather than aggregate in solution ( Figure   9 (b)). The anatase (100) facet is known to be more reactive than the (101) towards the adsorption of water, methanol and formic acid. Table 5 ). On the (100) surface, Ca 2+ ions tend to coordinate to the exposed O 2c sites at the edge of the gulleys (see Figure 10 ). The PO
adsorb preferentially on the relatively flat regions of the (100) surface, which present two parallel rows of unsaturated positive Ti 5c ions that are capable of coordinating the three O ph atoms simultaneously ( Figure 10 ). The (101) and (100) surfaces have similar features, which can be described by an outer layer that is formed of rows of Ti 5c atoms along the [010] direction that bind O 2c and O 3c sites, and rows of O 2c atoms along the same direction that bridge Ti 5c and Ti 6c sites (see Figure 4) . Therefore, although the (101) and (100) surfaces differ in the number of alternating rows of nucleophilic (O 2c ) and electrophilic (Ti 5c ) sites along the [101] direction, both surfaces should show a similar behavior towards the adsorption of CaP, and hence we can expect that the parameters used to describe the CaP−TiO 2 interaction on (101) will also work for (100). Previous works have shown that parameters initially refined for the (101) surface of anatase have satisfactorily performed for other surfaces, not just of anatase but also rutile.
17
As shown in Figure 2 , the (100) rot surface has mixed features of both the (101) and (100) surfaces, and indeed it exhibits intermediate behavior towards CaP deposition (Figure 9(c) ). Moving from anatase (101) to the (100) surface, we observe that the coordination numbers Ca−O 2c and O ph −Ti 5c increase by 130% and 72%, respectively, causing a stretching of 0.1 Å in the distances Ca−O 2c and O ph −Ti 5c (see Table 5 ). Furthermore, during the deposition of CaP, the displacement of water was more pronounced on (100) than on (101), as reported in Table 6 , in Figures S12-14 and S17 (ESI). In fact, upon adsorption of the ions, the Ti−O w coordination number decreases by ≈ 12% on (101) and 20% on (100). These modifications indicate that anatase (100) is more reactive than (101) towards the adsorption of CaP. We explain the higher reactivity of (100) Regarding the PO 4 ions, a similar reasoning can be applied. On (101), the PO 4 ion, which has four negative centers at each corner of the tetrahedron available for interaction with the Ti 5c sites, can adsorb on no more than two Ti 5c centers (Figure 7 (a) and Figure 8(a) ).
On (100), the flat regions between gulleys provide a more favourable Ti 5c zig-zag arrangement, with Ti 5c -Ti 5c spacings shorter than 4 Å, where the PO 4 can adsorb via three O ph -Ti 5c links ( Figure 10) . Therefore, the stronger CaP interaction with the (100) surface produces a higher amount of displaced water compared to (101). Again, it is important to note that these conclusions are derived from MD simulations, where only molecular adsorption was considered.
Based on the results above, we expect a corresponding increase in CaP deposition at the steps B compared to the clean substrate. When considering the slightly rotated (100) rot surface, which has features of both the (100) and the (101) surfaces, the reactivity towards
CaP deposition lies about halfway between the (100) and the (101) facets, suggesting that the plain (100) surface may actually exhibit higher reactivity than step B. 
Summary and Conclusions
In the present work, we have combined existing force fields for CaP, TiO 2 and water, and 
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